Typeset with jpsj3.cls <ver.l.l> 



Full Paper 



Details of Sample Dependence and Transport Properties of URu 2 Si 2 



O 

(N 

Or 



i 

s 

I 

c 

O 
o 



> 
in 

On 
O 



X 



Tatsuma D. Matsuda 1 ' 2 *, Elena Hassinger 2 , Dai Aoki 2 , Valentin Taufour 2 , 
Georg Knebel 2 , Naoyuki Tateiwa 1 , Etsuji Yamamoto 1 , Yoshinori Haga 1 , 
Yoshichika Onuki 1,3 , Zachary Fisk 1 ' 4 and Jacques Flouquet 2 

1 A SRC, JAEA, Tokai, Ibaraki 319-1195, Japan 
2 INAC/SPSMS, CEA-Grenoble, 38054 Grenoble, France 
3 Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan 
4 University of California, Irvine, Calfornia 92697, U.S.A. 

Resistivity and specific heat measurements were performed in the low carrier unconventional 
superconductor URu2Si2 on various samples with very different qualities. The superconducting 
transition temperature (Tsc) and the hidden order transition temperature (Tho) of these crys- 
tals were evaluated as a function of the residual resistivity ratio (RRR). In high quality single 
crystals the resistivity does not seem to follow a T 2 dependence above Tsc , indicating that the 
Fermi liquid regime is restricted to low temperatures. However, an analysis of the isothermal 
longitudinal magnetoresistivity points out that the T 2 dependence may be "spoiled" by resid- 
ual inhomogeneous superconducting contribution. We discuss a possible scenario concerning 
the distribution of Tsc related with the fact that the hidden order phase is very sensitive to 
the pressure inhomogeneity. 
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1. Introduction 

The rush to elucidate the enigma of the nature of 
the hidden order (HO) state of URu 2 Si2 which appears 
below Tho ~17.5 K in URu 2 Si 2 1_3) has led to a large 
variety of macroscopic as well as microscopic experi- 
ments. 4 ) However, no detailed report has been given on 
the link between crystal growth, characterization of the 
crystal purity, and their influence on physical proper- 
ties of URu2Si2- In the present article we discuss specific 
heat and transport measurements on various single crys- 
tals, with the focus on the anomalies at the HO and the 
superconducting (SC) transition at Tho ~ 17-5 K and 
Tsc ~ 1.2 K as a function of the residual resistivity ratio 
(RRR) of the resistivity between room temperature and 
T = 2 K. The aim is to give a sound basis for future ex- 
perimental studies which require a deep knowledge of the 
material. We find that the physical properties depend on 
the sample purity (given by the RRR) as well as the po- 
sition of the crystals with respect to the crystal's growth 
direction and its radial distance from the center of the 
crystals. 

The apparent consensus on the high pressure phase di- 
agram of URu 2 Si 2 is that at low pressure (P) the ground 
state is the exotic HO phase but above a critical pres- 
sure P x ~ 0.5 GPa it switches to a conventional antifer- 
romagnetic phase (AF). 4 ~ 7 ) Now, it is established that 
bulk superconductivity is associated with the HO while 
it is suppressed in the AF state. 7 ' 8 ) The persistence of a 
tiny ordered moment below P x or the observation of a su- 
perconducting transition in resistivity up to Psc > 2Px 
emphasizes that the separation between intrinsic and ex- 
trinsic phenomena is still not fully solved. Due to the 
high sensitivity to pressure and uniaxial stress (presum- 
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ably associated with the switch from HO to AF in only a 
few kbars), pressure gradients near stacking fault or other 
defects can easily produce local deformations which will 
stabilize AF inside the HO and SC inside the AF states. 
Furthermore, the possibility of correlated defects with an 
unusual nanostructure network is an open question. 



Table I. Atomic coordinates and thermal parameters of URu2Si2 
at 300 K from x-ray measurements. R and wR are the reliability 
factors and B is the equivalent isotropic atomic displacement 
parameter. 





atom 


position 
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/4/mmm(|139) 


(site) 


x y 


z 




a = 4.1327(3) 


U (2a) 








0.59(3) 


c = 9.5839(6) 


Ru(4d) 


1/2 


1/4 


0.47(3) 


V = 163.685(17) 


Si (4e) 





0.3724(5) 


0.49(7) 


(R= 2.23, wR= 


4.89) 









2. Experimental 

Single crystals of URu 2 Si 2 were grown using the 
Czochralski method in a tetra-arc furnace under argon 
gas atmosphere, both at CEA-Grenoble and at JAEA in 
Tokai. Here, the purity of the usual uranium metal is typ- 
ically 99.9 - 99.95 %. As the purity of the uranium metal 
is lower than that for Ru and Si materials, the quality 
of the URu 2 Si 2 sample seriously depends on the purity 
of uranium itself. We thus purified a uranium ingot us- 
ing the solid state electro-transport (SSE) method under 
ultrahigh vacuum, which was found to be extremely ef- 
fective in removing impurities such as Fc and Cu in the 
uranium ingot. 9 - 1 A URu 2 Si 2 ingot was also subsequently 
annealed using the SSE method under ultrahigh vacuum 
as reported in ref. 10. As will be shown below, the crystals 
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with the highest RRR were not obtained in the central 
core of the crystals but near the free surface. 

Most characterizations were made using a Quantum 
Design PPMS apparatus with magnetic fields up to 9 
T and temperatures down to 0.4 K via measurements 
of magnetoresistivity and specific heat. Further experi- 
ments down to 80 mK used homemade dilution refrig- 
erators. Special attention is paid to the different field 
and current directions in T and H dependent measure- 
ments with respect to the c axis. Mainly we measured 
the longitudinal magnetoresistivity in order to minimize 
the orbital effect. The resistivity measurements were car- 
ried out by standard four point contacts AC method. For 
the low temperature measurements down to 0.1 K, the 
maximal current was / = 50 [iA. The measurement fre- 
quency of ~17.54 Hz was chosen by considering bandpass 
and empirical condition of our measurement system. The 
signal was amplified by a transformer and a pre-amplificr 
by factor of 10 5 and detected with a lock-in amplifier. 

X-ray measurements were performed by a Rigaku 
RAX1S RAPID imaging plate area detector with 
graphite monochromated Mo-Ka radiation. We selected 
a small high quality single crystal with dimensions of 
0.05x0.05x0.01 mm 3 in order to minimize the absorption 
as well as the secondary extinction effects, which gener- 
ally make the structural determination difficult. The sin- 
gle crystal sample of URu 2 Si2 were mounted on a glass 
fiber. The crystal structure data at room temperature are 
summarized in Table I. The lattice parameter and the z 
parameter of Si site are basically in good agreement with 
a reported data previously. 11 ) 

3. Results 

3.1 Phase transitions: HO and SC 

In order to determine the influence of sample qual- 
ity on the bulk transition temperature of SC and HO, 
we performed specific heat measurements on crystals 
with different RRR= p(300 K)/p(2 K) values. Figures 1, 
2, and 3 show the temperature dependence of the spe- 
cific heat C divided by temperature for various samples. 
Sharp specific heat anomalies occur at Tqc and Tho • The 
clear mark of the phase transition is linked to incomplete 
and complete gap opening at Tho and Tsc, respectively. 

We first look at the dependence of Tho and Tgc as 
a function of the residual resistivity RRR and in the 
transition width as defined in the insets of Fig. 1. Fig- 
ures 2(a) and 2(b) show the temperature dependence 
of C/T around SC and HO transition temperatures for 
three samples of different quality determined by the 
residual resistivity ratio (RRR) at 2 K for current along 
a-axis. The strong sample dependence of the shape of 
C/T at SC transition down to rather low RRR value sam- 
ples confirms previous reports. 12, 13 ' Furthermore, a quite 
similar variation is observed for the HO transition tem- 
perature in dependence of the sample quality as shown 
in Fig. 2(b). The variation of Tgc and Tho going from 
RRR = 53 to 5 is about 0.5 K for Tsc an d for the hidden 
order transition Tho about 0.2 K. For both the SC and 
HO transitions the transition temperatures shift to lower 
temperatures with decreasing RRR. 
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Fig. 1, (Color online) Temperature dependence of the specific 
heat of URu2Si2 using a sample with the residual resistivity ra- 
tio (RRR) equal to 53. The inserts show the definition of the 
transition width of the superconducting and HO transition, re- 
spectively. 



To clarify this feature, we cut a disk out of a single 
crystal and then cut that disk into different samples, see 
Fig. 3. This allows making the link between RRR value 
and crystal location in the ingot. All selected samples 
have a RRR > 30, the highest RRR = 95 is observed 
for the most outer sample with a large free surface and 
not in the center of the disk. It is remarkable that below 
the temperature where C /T reaches its low temperature 
maximum as well as above 1.6 K the specific heat of all 
samples almost coincides and differences in the specific 
heat appear only at the transition. Tsc determined from 
specific heat varies between 1.15 < Tsc < 1-2 K and is 
significantly lower than the Tgc determined from the re- 
sistivity. Most remarkable, even the sample highest RRR 
shows the most pronounced the double transition in spe- 
cific heat. This observation seems to be against the ar- 
guments that for perfect crystals, an unique SC phase 
transition will occur. 12,13 - 1 Clearly increasing RRR does 
not lead to obtain an unique specific heat anomaly at 
Tsc- 

Figure 4 (a) shows C/T for different magnetic fields 
and Figure 4 (b) the field variation of C/T at constant 
temperature for sample A, which has nearly a single 
jump in the specific heat at Tsc, whereas the width 
ATsc ~ 0.2 K is still rather large. In the field sweep 
the location of the upper critical field H C 2 can be clearly 
seen. However, the high quality of the material is demon- 
strated by the collapsing value of the extrapolated term 7 
of the linear temperature dependence of C/T at T — s- K. 
The increase of C/T below 150 mK is due to the supple- 
mentary nuclear hyperfinc contribution. 

The field dependence of C/T shows the linear increase 
with the slight convex curvature at low fields. The results 
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Fig. 2. (Color online) Temperature dependence of the specific 
heat for the temperature range around (a) superconducting and 
(b) hidden order temperature for three samples with different 
RRR.. 



at 0.3 K are consistent with previous reports, 14,15 ) al- 
though the values of H C 2 and C/T above £f C 2 are slightly 
shifted to lower values, probably due to the hypcrhnc 
contribution related to impurities, to the difference of 
Tsc, and to the presence of a single or double transition 
in the specific heat. 

Figure 5 shows the temperature dependence of the re- 
sistivity of the best studied single crystal with a RRR of 
270 for the current J || a and RRR = 115 for J \\ c on 
a double-logarithmic scale. The inset shows the determi- 
nation of Tgc, Tho an< ^ ^ ne corresponding widths ATsc 
and ATho, respectively. Generally, the RRR is larger for 
J || a, while the anomaly at Tho is more pronounced and 
the transition width at Tsc smaller for J || c. 

In order to clarify the relation between sample qual- 
ity and the superconducting transition temperature Tsc 
quantitatively, Tsc and the transition width ATsc are 
plotted as a function of RRR in Fig. 6 (a) and (c), re- 
spectively. Here, Tf c is defined by the entropy balance 
in specific heat anomaly and Tg C by zero resistivity, re- 
spectively. The transition width ATsc is defined by the 
difference between the onset and peak position in the 
specific heat and the width of the resistive transition as 
shown in the inset of Fig. 5. 

As already mentioned above, due to the non-quadratic 
temperature dependence of the resistivity at low temper- 
atures just above the superconducting transition, the ex- 
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Fig. 3. (Color online) Temperature dependence of (a) specific 
heat divided by temperature and (b) resistivity measured on dif- 
ferent quality samples with RRR more than 30 cut from the 
same disk of a single crystal as shown in the upper picture. The 
Tsc indicated in the lower panel indicated the midpoint of the 
transition. 



trapolation to T = K is ambiguous and therefore, we 
take the RRR at T = 2 K above the onset of the super- 
conducting transition. Figure 6 (a) clearly indicates the 
saturation tendency of Tsc with increasing RRR. Above 
RRR - 50, T? c reaches - 1.4 K while Tg c is slightly 
lower. Remarkably, the transition width becomes nar- 
rower above RRR ~ 50. This tendency is observed for 
both the specific heat and resistivity measurements. In 
Figs. 6 (b) and (d), Tho and ATho are plotted as a func- 
tion of RRR. With increasing sample quality, Tho is in- 
creasing and shows the same saturation tendency above 
RRR - 50. 



3.2 Resistivity in the Hidden Order 

Having looked at the SC and HO anomalies at Tsc 
and Tho as a function of RRR, let us now focus on the 
temperature dependence of the resistivity below Tho • At 
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Fig. 4. (Color online) Temperature dependence of specific heat 
under various magnetic fields (a) and field dependence of specific 
heat C/T at low temperatures (b). The inset in the lower panel 
shows the low field range in an enlarged scale in comparison to 
the field dependence reported in ref. 15. 



low temperatures, the resistivity does not follow a T 2 be- 
havior over a large temperature range just above the su- 
perconducting transition. This has been already pointed 
out in refs. 3, 16-18 and confirmed in and recent works 
of refs. 7, 19-22. 

At the hidden order transition Tho> the resistivity 
shows a jump due to the partial gapping by the nest- 
ing of FS with a loss of carriers. In the HO state, the 
temperature dependence of the resistivity has been ana- 
lyzed often using eq. (1) with gapped spin waves in an 
antifcrromagnet, 23 -' but there is no justification to apply 
it to the HO and to the AF phase characterized by only 
Ising type fluctuations. Such a fit does give an order of 
magnitude of the A coefficient of the T 2 term and of the 
gap opened at the Fermi surface reconstruction at Tho- 



p(T) = po + AT 2 + BT(l 



27\ , A s 
x )exp(--) (1) 



As pointed out above, at low temperatures the resistivity 
deviates significantly from a Fermi liquid AT 2 behavior. 
The best fitting parameters by the formula (1) from 2 
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Fig. 5. (Color online) Temperature dependence of the electrical 
resistivity of the highest quality sample for current along a- and 
c-axis. The insets show the definition of Tgc and Tho an d the 
width of the transitions, respectively. 



Table II. Fitting parameters using formula (1) for the tempera- 
ture dependence of the resistivity of a single crystal with a RRR. 
= 270, see figure 7. 





PO 
(fiQ-cm) 


A 

(iMttcmK- 2 ) 


B 

(/ifi-cmK" 1 ) 


A 

(K) 


J||a-axis 
(2-15K) 


1.05 


0.099 


259 


76.4 


J||c-axis 
(2-15K) 


1.06 


0.081 


72.6 


65.4 


Table III. Fitting parameters using formula 2. 




P0 
(/iQ-cm) 


x A 
(/^f2-cmK 


B 

~ x ) (fiQ-cm) 


A 

(K) 


J||a-axis 
(2-14K) 


0.32 


1.58 0.26 


10800 


85 


J || c-axis 
(2-14K) 


0.61 


1.58 0.21 


4000 


76 



to 15 K are summarized in Table II. However, as shown 
in Fig. 7 the fit deviates significantly from the experi- 
mental data. Considering the deviation from AT 2 at low 
temperatures and the partial gap opening at Tho , a bet- 
ter fit to the experimental data is given using a simple 
formula: 



p(T) = p Q + AT 1 



(2) 



This model well describes over a wide range the tem- 
perature dependence of the resistivity below T H o- The 
best fitting parameters by the formula (2) from 2 to 14 
K are summarized in Table III. The important point is 
that the value of exponent x deviates from 2, again. The 
comparison between two different fits over the same tem- 
perature interval are shown in Fig. 7 and clearly, a better 
matching is achieved with eq. (2). 

Figure 8 shows the power x of p(T) at low tempera- 
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Fig. 7. (Color online) Low temperature behavior of p in the best 
sample for current along (a) a- and (b) c-axis. Broken lines rep- 
resent fitting lines described in the text. 
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tures above the superconducting transition as function of 
the RRR. This plot obviously indicates the small value of 
x for both current directions compared to x — 2 expected 
for a Fermi liquid, and x seems to be close to 1.5 for large 
RRR samples, independent of the current direction. On 
the other hand, for the low RRR samples, the impurity 
scattering contribution, which would follow a T 2 behav- 
ior, should be larger. This may be the reason that the x 
value becomes close to 2 for samples with small RRR. 

Although the determination of an exact value for the 
anisotropy of x is difficult to get from our results, we plot 
the temperature dependence of resistivity at low temper- 
ature as a function of T 15 in Fig. 9 for two very high 



quality samples for current along a- and c-axis, respec- 
tively. At least below 3 K, x = 1.5 seems to be good 
expression for the temperature dependence of resistivity 
for both directions. It should be noted that the linear 
dependence of resistivity was which reported in ref. 17 
for J\\a in a RRR^ 50 sample taken from same ingot ap- 
pears to correspond to a "crossover" regime where tiny 
differences in crystal growth lead to large difference in x. 
The power x of the resistivity of samples cut from the 
same ingot with roughly the same RRR at low temper- 
atures can vary from x ~ 1 to x ~ 1.5. Thus it seems 
difficult to get a final statement on the detailed temper- 
ature dependence of the resistivity. 
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Fig. 9. (Color online) Temperature dependence of electrical re- 
sistivity as a function of T 5 for the best and 2nd samples. 



As discussed above, the resistivity in a limited temper- 
ature region shows non-Fermi liquid behavior. This is a 
very unusual behavior for three dimensional metal sys- 
tems if the electronic bandwidth (BW) is large enough. 
The difficulty to reach a T 2 regime can be associated 
with the fact that, at Tho, due to FS reconstruction, a 
compensated semimetal is built with very small band- 
width (5 K) for certain orbits. This weakness is directly 
related to strong renormalization of the band mass and 
the correlated mass due to the interaction between the 
quasiparticles. Evidence of such a weakness was recently 
seen in the large changes of Fermi surfaces when a high 
magnetic polarization is induced by magnetic field ap- 
plied along the easy magnetization axis. 24-26 ) This leads 
to the observation of a Fermi liquid T 2 regime only be- 
low BW/fce ~ 0.5 K. This statement is supported by the 
smooth increase of C/T and the large increase of the 
electronic Griineisen parameter on cooling. 27,28 ) 

A possible reason for the lack of observing the Fermi 
liquid law might be the presence of a parallel scatter- 
ing channel in the resistivity. This may happen if SC 
droplets or filaments exist in the materials. Such a "par- 
asitic" channels may become more efficient as RRR in- 
creases, since the long electronic mean free path may al- 
low to transfer informations between intrinsic and extrin- 
sic components. By applying a magnetic field, one may 
wipeout effects with SC origin. This possibility prompted 
the measurement of the field dependence of the longitu- 
dinal magnetoresistivity for both directions at different 
temperatures. In these experiments the longitudinal con- 
figuration is necessary in order to avoid the contribution 
of the transverse magnetoresistivity which is sensitive to 
orbital effects and thus to lo c t (lu c : cyclotron frequency, r: 
scattering lifetime). Excellent adjustments between field 
direction and current direction are necessary to suppress 
the orbital effect. Figure 10 shows the angular depen- 
dence of the magnetoresistivity at 2K and at 9T. The 
fine tuning of the orientation was realized by slightly tilt- 
ing the field angle. Let us notice the huge difference be- 
tween longitudinal and transverse magnetoresistance in 
agreement with the classification of URvt2Si2 as a com- 
pensated semimetal with carrier concentration near 0.06 



per U atom. 

The striking feature in Figs. 11 (a) and (b) is that the 
resistivity can be described with two terms, 



p(T, H )=p (H)+p e (T,H = 0), 



(3) 



where po(H) is a temperature independent linear- if term 
and p e (T,H = 0) represents the extrapolation of the 
linear H term at H — 0. The coefficients for a and c- 
axis are equal to a a _ ax i s = 0.045 /if2-cm/T and a c _ ax i s = 
0.44 /if2-cm/T, respectively. The residual linear H depen- 
dence of the magnetoresistivity seems to be related with 
the suggestion of ref. 27 that H scan reveals the impu- 
rity Kondo distribution which occurs in the lattice. Fur- 
thermore differences between a a _ ax i S and a c _ ax j S appears 
roughly linked to the size of the H induced magnetic po- 
larization, which is given by the value of the magnetic 
susceptibility x c-axis > 5x a - ax i s - The A coefficients ob- 
tained for a and c-axis are A a _ ax ; s = 0.28 pQ-cmK and 
^4c-axis = 0.20 pil-cmK~ 2 , respectively, as shown form the 
T dependence of p e (Fig. 12). 

In Fig. 13 the A value obtained by a T 2 fit of the data 
for J || a and c-axis from 1.8 K to 2.6 K are represented 
and compared at P = with the previous extrapolated 
values obtained through the T dependence of the longi- 
tudinal magnetoresistivity. For J || a-axis, measurements 
were recently reported in the AF phase above P x . Using 
the measured electronic Griineisen parameter of URu 2 Si2 
the compressibility of 0.5 x 10 _6 bar _1 , excellent extrap- 
olation was obtained at P = 0. Thus evidences are given 
that, at P = 0, the entrance in the Fermi liquid will oc- 
cur just below Tgc and that SC phase transition reveals 
an unusual feature. 
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Fig. 10. (Color online) Angular dependence of magnetoresistance 
for a middle quality sample (RRR = 51). 



4. Discussion 

The link between the intrinsic and extrinsic properties 
of URu 2 Si2 crystals and their purity as defined by RRR 
but also by their position in the crystal boule remains 
complex. Improving the crystal quality as detected by 
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Fig. 12. (Color online) The extrapolation values of (a) p a (H — > 0) 
and (c) p c {H — > 0) from the normal state at low temperatures 
and (b)(d) T 2 plot of those, respectively. 



an increase of RRR enhances the electronic mean free 
path and thus may facilitate the coupling between "par- 
asitic extrinsic" domains such as AF or SC droplets or 
other exotic nanostructure arrangements. The simple im- 
age (Fig. 14) is that of an enhanced SC component fa- 
vored by a negative internal pressure gradient and of a 
surviving residual AF volume generated by a positive 
pressure gradient. Thus the picture will be a main sharp 
distribution centered at P = with two broad tails at 
positive and negative pressure shifted roughly by ±P X 
with a broad width comparable to P x . This frame may 
explain why SC detected by resistivity survives often up 
to 2P X . However, recent Larmor nuclear precession exper- 
iments 29 ' 30 ^* indicate that the a variation of the c/a = r) 
ratio of the lattice parameters results to a the lattice in- 
homogeneity and corresponds to a Gaussian distribution 
near with a full width half-maximum around ~ 5 x 10~ 4 . 
Assuming a compressibility of 0.5 x 10~ 6 bar" 1 , the pres- 
sure inhomogencity will be around 1 kbar. Thus on the 
tail's side, a redistribution of electronic properties may 
occur. As its weight is low (1%), it is not obvious to fo- 
cus and zoom on this weak contribution. The challenge 
is now to detect via a direct local probe such as scanning 
tunneling microscopy if such exotic effects exist. Previous 
NMR experiments have shown that a residual AF com- 



ponent survives in parallel with a main signal assigned 
to the intrinsic HO. 31 ) It would be interesting to see if 
this can be observed systematically in high quality sin- 
gle crystals too. In general, a difficulty is that in heavy 
fcrmion compounds, the microscopic observations of de- 
fects have been never clear as has been shown by detailed 
studies on UPt3. 32,33 ^ In the well known Ce-115 family, 
mixing of different phases has been observed. E.g. for the 
antifcrromagnet CeRhlns, persistence of SC and com- 
mensurate magnetically ordered phase is observed even 
at zero pressure while its is expected to occur only at high 
pressures. 34 ' 35 -* In contrast, in Celrlns bulk superconduc- 
tivity occurs at T ~ 0.4 K while the superconducting 
resistive transition appears already at T ~ 1.2 K. 36 ) 

The longitudinal magnetoresistivity experiments show 
that the Fermi liquid regime will be achieved only be- 
low Tgc- The fact that RRR dependences of Tsc and 
Tho have quite similar absolute shifts confirms the role 
of itinerancy of the 5/ electrons of uranium atoms in 
both transitions. The unexpected phenomena are that 
increasing RRR does not lead to an unique SC transi- 
tion, while below Tsc, so far as RRR is larger than 30, 
excellent agreement is observed in the temperature de- 
pendence of C/T with extrapolated electronic value of 
7 = (C/T)r^o near zero. 
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Table IV. Critical pressures for the transition from HO to AF state P x and the midpoint of the SC transition P^q° and the maximal 
pressure of a complete SC transition P§q (defined by different experimental probes) as reported in literature. RRR gives the residual 
resistivity ratio. 



Year 


Reference 


pressure medium 


RRR 


Px 


pP,mict 






^sc 


1987 


McElfresh 16 ) 


1:1 isoamyl/n-pentane 


~ 20 




1.6 


< 1 






1993 


Schmidt 18 ' 


1:1 isoamyl/n-pcntanc 


~ 35 




1.2 


< 1 






2003 


Motoyama 37 ) 


1:1 FC70 / FC77 


20 - 30 


0.3 - 0.7 










2005 


Tenya 38 ) 














<1.5 


2006 


Sato 8 ) 




30 


0.35 








0.45 


2007 


Jeffries 39 - 40 ) 


1:1 isoamyl/n-pcntanc 


~ 7 




~ 1.35 


0.8 






2008 


Amitsuka 41 ) 


1:1 FC70 / FC77 




0.7 








0.7 


2008 


Hassinger 7 ) 


Argon 


~ 25 


0.47 


~ 2 


1.8 


0.5 




2008 


Motoyama 42 ' 


Daphne 7373 




0.45 










2010 


Niklowitz 29 ' 


1:1 FC70 / FC77 


~ 20 


0.45 










2010 


Butch 6 ) 


Helium 


< 10 


0.8 


0.8 








2011 


Hassinger 19 ) 


Daphne 7373 


~ 160 




KS 1.3 


« 1.1 






2011 


Tateiwa 21 ' 22 ) 


Daphne 7474 


~ 300 




« 1.5 


« 1.3 








Fig. 13. (Color online) The A coefficient of the Fermi liquid be- 
havior of the resistivity with data under pressures (cited from 
7). Extrapolated value from longitudinal magnetoresistivity is 
indicated by full symbols. 



Fig. 14. Schematic image of internal pressure distribution in 
URu2Si2- From the value of residual tiny moment, the tails will 
represent only few percent of the major sharp distribution. 



Finally, we want to stress that the high pressure phase 
diagram of URu2Si2 is now very well established and 
a broad consensus has been achieved qualitatively. In 
Tab. IV we summarize the critical pressures P x and Psc 
as reported in the literature. Of course the table is not 
complete, but it gives a good review of different exper- 
iments. It is widely established that the transition from 
the HO state to the AF state is of first order and bulk 
superconductivity is suppressed when long range AF or- 
der appears at high pressure. However, as can be seen 
in Tab. IV, the exact determination of the phase tran- 
sition lines depends on (i) the sample quality, but also 
on (ii) the hydrostatic pressure conditions. Systematic 
studies of the influence of the different pressure condi- 
tions have been reported in refs. 6, 43, and the claim is 
that under hydrostatic conditions the HO - AF transi- 
tion appears at P x ps 0.8 GPa. However, the investigated 
samples have a rather bad RRR < 10. There is no de- 
tailed study of the influence of sample quality on the high 
pressure phase diagram. This is mainly due to the fact 
that very high quality single crystals (at least regarding 



the RRR) are small in size and mainly from the outer 
part of the single crystals with a free surface and exper- 
imentally, the phase line HO - AF is rather difficult to 
draw from macroscopic measurements. Microscopic ex- 
periments such as neutron scattering ask for large single 
crystals. Furthermore, the usually used pressure medium 
for neutron scattering experiments (1:1 mixture of fluo- 
rinert FC70 / FC77) lacks hydrostaticity. However, in 
ref. 41 neutron scattering measurements with two differ- 
ent pressure transmitting media reveal that with better 
hydrostaticity P x becomes smaller. 

Pressure measurements indicate that at P x ps 0.5 GPa 
the HO switches to AF. Uniaxial stress experiments em- 
phasizes recently that the change will occur at a a = 
0.35 GPa for a stress applied long the (1,0,0) basal 
plane. 44 - ) Lately, microscopic and macroscopic measure- 
ments show that depending on the pressure conditions 
P x can vary from 0.47 GPa to 0.8 GPa (see Tab. IV). 
Furthermore while there is now no doubt that bulk su- 
perconductivity disappears at P x , it is observed that 
zero resistivity can be obtained up to 2P X for example 
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Pg C = 1.8 GPa instead of P x ~ 0.47 GPa by specific heat. 
This difference supports the previous picture of internal 
pressure or uniaxial stress distribution in the crystal. 

The crystal quality of the data presented in Tab. IV 
is quite different and is another origin of the deviation 
of P x . For example the crystal studied in ref. 6 has an 
RRR ~ 7, the resistivity at 10 K is near 40 (iSlcm while 
it is less that 10 /^ilcm in high quality single crystals. 
Compared to the best crystals a negative shift of Tho of 
0.2 K appears in such lower quality crystals. Assuming 
a £gf£ - 1.3 K/GPa, the shift of T HO can be viewed 
as a negative pressure of 0.2 GPa which may be the ori- 
gin of the overestimation of P x by 0.2 GPa. In addition 
impurities can wipe out the feedback with lattice de- 
formations. This may lead to another source of the P x 
displacement. In ideal conditions, P x seems to be near 
0.5 GPa (see Tab. IV). It is amazing to observe that the 
convergence of P x to P? seems to occur for the low RRR 
case as if impurity scattering wipes out nanostructure 
phenomena. A sound determination of Pg as indicated 
in Tab. IV is rather difficult as the resistive transition can 
get very broad under high pressure, or only a partial su- 
perconducting transition appears at highest pressures. 2 ^ 
E.g. in ref. 40 the superconducting transition at Pg is al- 
most 1 K and the onset of the superconducting transition 
vanishes only close to P = 2.8 GPa. However, bulk su- 
perconductivity has been shown to collapse at P^. 4 ' 7 ' 8 " 1 

Thus it is worthwhile to emphasize that the effects of 
non-hydrostaticity and crystal purity have drastic conse- 
quences on the boundary limit of URu2Si2- An underes- 
timated phenomena is that the effects of cither internal 
residual strain or external strain produced for example 
by fixing a tiny crystal on a sample holder will be quite 
different depending on the crystallographic orientation 
of the strain. For (0,0,1), the tetragonal symmetry will 
be preserved; for (1,0,0) and (1,1,0) it will drive to or- 
thorhombic symmetry with strong differences between 
(1,0,0) and (1,1,0) axis as observed in recent magne- 
tostriction experiments 45 ^ and stressed in new theoret- 
ical developments. 46 - 1 Full understanding of basal plane 
anisotropy 47 ) requires careful cross checking. 

Finally, let us notice that the link between a determi- 
nation of the energy gap A ~ 7 meV (70 K) in Tabs. II 
and III and recent microscopic measurements is not ob- 
vious. Below To inelastic neutron scattering experiments 
show clear excitations at 1.7 meV and 4 meV for the 
wave vectors Q = (1,0,0) and Qi = (0.6, 0, 0) 48 < 49 ) 
while scanning tunneling microscopy experiments points 
out a bias asymmetric energy gap, 50 ' recent laser an- 
gular resolved photo-emission spectroscopy indicates the 
formation of a gap at the Fermi surface energy around 
2.9 meV, 51 ' and a previous one detected a narrow peak 
at binding energy Eb ~ — 7 meV. 52 ' 

A recent review on the unresolved case of URu2Si2 can 
be found in ref. 53. Here we have concentrated on the link 
between material issues and physical properties. 

5. Conclusions 

Resistivity and specific heat experiments on URii2Si2 
samples with very different sample quality have been re- 



ported in this article and the attempt has been made 
to associate the superconducting transition temperature 
Tsc and the HO transition temperature Tho to the sam- 
ple quality which is measured by the residual resistivity 
ratio RRR. We have shown that for RRR > 50 both, 
Tsc and Tho> are almost independent of the RRR. How- 
ever, even for samples with very high values of the RRR, 
it is difficult to obtain a single superconducting transi- 
tion and Tsc obtained in resistivity experiments is always 
higher than in specific heat. In resistivity experiments no 
T 2 dependence is observed directly in high quality crys- 
tals indicating that the Fermi liquid regime is restricted 
to lower temperatures. In URu2Si2 the competition be- 
tween superconductivity and antiferromagnetism are ob- 
vious and small intrinsic pressure gradients due to imper- 
fections seems sufficient to induce a tiny volume fraction 
of SC in the AF state and vice versa. The "residual" phe- 
nomena is believed to be extrinsic (tiny ordered moment 
- extra superconducting network). But may be, it is the 
signature of new intrinsic features of a specific "nanos- 
tructure" arrangement. The interesting paradox seems to 
be that these "heterogeneities" arc also observed in the 
best crystals with high values of the RRR. To obtain the 
ideal material of URu2Si2 seems to be a challenge for the 
future as does the search for contrasting effects in local 
probe spectroscopy. 

Acknowledgements 

The present work was financially supported by Grants- 
in-Aid for Young Scientists (B) (22740241), Scientific 
Research C (21540373, 22540378), Scientific Research 
S (20224015), Scientific Research on Innovative Areas 
"Heavy Electrons" (20102002, 23102726) and and Osaka 
University Global COE program (G10) from the Ministry 
of Education, Culture, Sports, Science and Technology 
(MEXT) and Japan Society of the Promotion of Science 
(JSPS). This work was also supported by ERC start- 
ing grant (NewHeavyFermion) and French ANR project 
(CORMAT, SINUS). We thank S. Kambc for helpful dis- 
cussion. 



1) T. T. M. Palstra, A. A. Menovsky, J. van den Berg, A. J. Dirk- 
maat, P. H. Kes, G. J. Nieuwenhuys, and J. A. Mydosh: Phys. 
Rev. Lett. 55 (1985) 2727. 

2) W. Schlabitz, J. Baumann, B. Pollit, U. Rauchswalbe, H. M. 
Mayer, U. Ahlheim, and C. D. Brcdl: Z. Phys. B 62 (1986) 
171. 

3) M. B. Maple, J. W. Chen, Y. Dalichaouch, T. Kohara, C. 
Rosscl. M. S. Torikachvili. M. W. MacElfresh, and J. D. 
Thompson: Phys. Rev. Lett. 56 (1986) 185. 

4) H. Amitsuka, K. Matsuda, I. Kawasaki, K. Tenya, M. 
Yokoyama, C. Sekine, N. Tateiwa, T.C. Kobayashi, S. 
Kawarazaki, and H. Yoshizawa: J. Magn. Magn. Mater. 310 
(2007) 214, and references therein. 

5) H. Amitsuka, M. Sato, N. Metoki, M. Yokoyama, K. Kuwahara, 
T. Sakakibara, H. Morimoto, S. Kawarazaki, Y. Miyako, and 
J. A. Mydosh: Phys. Rev. Lett. 83 (1999) 5114. 

6) N. P. Butch, J. R. Jeffries, S. Chi, J. B. Leao, J. W. Lynn, and 
M. B. Maple: Phys. Rev. B 82 (2010) 060408(R). 

7) E. Hassinger, G. Kncbel, K. Izawa, P. Lcjay, B. Salce, and J. 
Flouquct: Phys. Rev. B 77 (2008) 115117. 

8) N. K. Sato, S. Uemura, G. Motoyama, and T. Nishioka: Physica 
B 378-380 (2006) 576. 



10 



J. Phys. Soc. Jpn. 



Full Paper 



Author Name 



Y. Haga, T. Honma, E. Yamamoto, H. Ohkuni, Y. Onuki, M. 
Ito, and N. Kimura: Jpn. J. Appl. Phys. 37 (1998) 3604. 32 
T. D. Matsuda, D. Aoki, S. Ikeda, E. Yamamoto, Y. Haga, H. 
Ohkuni, R. Settai, and Y. Onuki: J. Phys. Soc. Jpn. Suppl. A 33 
77 (2008) 362. 

G. Cordier, E. Czech, H. Schafcr and P. Woll: J. Less-Common 
Metals, 110 (1985) 327. 34 
A. P. Ramirez, T. Siegrist, T. T. M. Palstra, J. D. Garrett, 

E. Bruck, A. A. Menovsky, J. A. Mydosh: Phys. Rev. B 44 35 
(1991) 5392. 

K. Hasselbach, P. Lejay, and J. Flouquct: Phys. Lett. A 156 36 
(1991) 313. 

R. A. Fisher, S. Kim, Y. Wu, N. E. Phillips, M. W. McElfresh, 

M. S. Torikachvili, and M. B. Maple: Physica B 163 (1990) 37 

419. 

K. Yano, T. Sakakibara, T. Tayama, M. Yokoyama, H. Amit- 38 
suka, Y. Homma, P. Miranovic, M. Ichioka, Y. Tsutsumi, and 
K. Machida: Phys. Rev. Lett. 100 (2008) 017004. 
M. W. McElfresh, J. D. Thompson, J. O. Willis, M. B. Maple, 39 
T. Kohara, and M. S. Torikachvili: Phys. Rev. B 35 (1987) 43. 
Z. Zhu, E. Hassingcr, Z. Xu, D. Aoki, J. Flouquet, and K. 40 
Behnia: Phys. Rev. B 80 (2009) 172501. 

L. Schmidt: Ph.D. thesis, University Joseph Fourier, Grenoble, 41 
1993. 

E. Hassinger, T. D. Matsuda, G. Knebel, V. Taufour, D. Aoki, 
and J. Flouquet: J. Phys.: Conf. Series 273 (2011) 012031. 42 

E. Hassingcr: Ph.D. thesis, University Joseph Fourier, Greno- 
ble, 2010. 

N. Tateiwa, T. D. Matsuda, Y. Haga, E. Yamamoto, and Y. 
Onuki: J. Phys.: Conf. seri. 273 (2011) 012087. 
N. Tateiwa, T. D. Matsuda, Y. Onuki, Y. Haga, and Z. Fisk: 
submitted to Phys. Rev. B. 
N. Hessel Andersen Crystalline electric field and structural 45 
effects in f-electron systems edt. by J. E. Crow, R. P. Guertin 46 
and T. W. Mihalisin (Newyork and London: Plenum Press, 
1980) 

H. Shishido, K. Hashimoto, T. Shibauchi, T. Sasaki, H. Oizumi, 
N. Kobayashi, T. Takamasu, K. Takehana, Y. Imanaka, T. D. 
Matsuda, Y. Haga, Y. Onuki, and Y. Matsuda: Phys. Rev. 48 
Lett. 102 (2009) 156403. 

M. M. Altarawneh, N. Harrison, S. e. Sebastian, L. Balicas, 
P. H. Tobash, J. D. Thompson, F. Ronning, and E. D. Bauer: 49 
Phys. Rev. Lett. 106 (2011) 146403. 

L. Malone, T. D. Matusda, A. Antunes, G. Knebel, V. Taufour, 
D. Aoki, K. Behnia, C. Proust, and J. Flouquet: Phys. Rev. B 50 
83, 245117 (2011). 

F. J. Ohkawa: Phys. Rev. Lett. 64 (1990) 2300. 

J. Flouquct, D. Aoki, F. Bourdarot, F. Hardy, E. Hassinger, G. 51 
Knebel, T. D. Matsuda, C. Meingast, C. Paulsen, V. Taufour: 
J. Phys.: Conf. Ser. 273 (2011) 012001. 

P. G. Niklowitz, C. Pfieiderer, T. Keller, M. Vojta, Y.-K. Hung, 52 
and J. A. Mydosh: Phys. Rev. Lett.104 (2010) 106406. 
F. Bourdarot: private communication. 53 
K. Matsuda, Y. Kohori, T. Kohara, K. Kuwahara, and 



H. Amitsuka: Phys. Rev. Lett. 87 (2001) 087203. 

P. A. Midgley, S. M. Hayden, L. Taillefer, B. Bogenberger, 

and H. v. Lohncysen: Phys. Rev. Lett. 70 (1993) 678. 

D. A. Walko, J.-I. Hong, T. V. Chandrasekhar Rao, Z. 
Wawrzak, D. N. Seidman, W. P. Halperin, and M.J. Bedzyk: 
Phys. Rev. B 63 (2001) 054522. 

J. Paglione, P.-C. Ho, M. B. Maple, M. A. Tanatar, L. Taillefer, 
Y. Lee, and C. Petrovic: Phys. Rev. B 77 (2008) 100505(R). 
M. Yashima, H. Mukuda, Y. Kitaoka, H. Shishido, R. Settai, 
and Y. Onuki: Phys. Rev. B 79 (2009) 214528. 
C. Petrovic, R. Movshovich, M. Jaime, P. G. Pagliuso, 
M. F. Hundley, J. L. Sarrao, Z. Fisk, and J. D. Thompson: 
Europhys. Lett. 53 (2001) 354. 

G. Motoyama, T. Nishioka, and N. K. Sato, Phys. Rev. Lett. 
90 (2003) 166402. 

K. Tenya, I. Kawasaki, K. Tamcyasu, S. Yasuda, M. Yokoyama, 

H. Amitsuka, N. Tateiwa, and T. C. Kobayashi: Physica B 
359-361 (2005) 1135. 

J. R. Jeffries, N. P. Butch, B. T. Yukich, and M. B. Maple: 
Phys. Rev. Lett. 99 (2007) 217207. 

J. R. Jeffries, N. P. Butch, B. T. Yukich, and M. B. Maple: J. 
Phys. Condons. Matter 20 (2008) 095225. 
H. Amitsuka, K. Matsuda, M. Yokoyama, I. Kawasaki, S. 
Takayama, Y. Ishihara, K. Tenya, N. Tateiwa, T. C. Kobayashi, 
and H. Yoshizawa: Physica B 403 (2008) 925. 

G. Motoyama, N. Yokoyama, A. Sumiyama, and Y. Oda: J. 
Phys. Soc. Jpn. 77 (2008) 123710. 

N. P. Butch, J. R. Jeffries, D. A. 
High Press. Res. 29 (2009) 335. 
M. Yokoyama, H. Amitsuka, K. 
Kawarazaki, H. Yoshizawa, and J. A. Mydosh: Phys. Rev. B 
72 (2005) 214419. 
F. Hardy: private communication. 

H. Kusunose and H. Harima: J. Phys. Soc. Jpn. 80 (2011) 
084702. 

R. Okazaki, T. Shibauchi, H. J. Shi, Y. Haga, T. D. Matsuda, 

E. Yamamoto, Y. Onuki, H. Ikeda, and Y. Matsuda: Science 
331 (2011) 439. 

C. Broholm, J. K. Kjems, W. J. L. Buyers. P. Matthews, 
T. T. M. Palstra, A. A. Menovsky, and J. A. Mydosh: Phys. 
Rev. Lett. 58 (1987) 1467. 

F. Bourdarot, E. Hassinger, S. Raymond, D. Aoki, V. Taufour, 
L.-P. Rcgnault, and J. Flouquet: J. Phys. Soc. Jpn. 79 (2010) 
064719. 

P. Aynajian, E. H. da Silva Neto, C. V. Parker, Y. Huang, 
A. Pasupathy, J. A. Mydosh, and A. Yazdani: Proc. Nat. Acad. 
Soc. 107 (2010) 10383. 

R. Yoshida, Y. Nakamura, M. Fukui, Y. Haga, E. Yamamoto, 
Y. Onuki, M. Okawa, S. Shin, H. Hirai, Y. Muraoka, and 
T. Yokoya: Phys. Rev. B 82 (2010) 205108. 
A. F. Santander-Syro, M. Klein, F. L. Boariu, A. Nuber, P. Le- 
jay, and F. Reinert: Nature Phys. 5 (2009) 637. 
J. A. Mydosh and P. Oppeneer: to be published in Rev. Mod. 
Phys. 



Zocco, and M. B. Maple: 
Tenya, K. Watanabe, S. 



